Orthopedic injuries, particularly those involving tendons and ligaments, are some of the most commonly treated musculoskeletal ailments, but are associated with high costs and poor outcomes. A significant barrier in the design of biomaterials for tendon tissue engineering is the rapid de-differentiation observed for primary tenocytes once removed from the tendon body.
Introduction
Geometrically and mechanically anisotropic tissues present unique challenges for the field of tissue engineering. The functional capacity of tendon derives from its extracellular matrix (ECM) composed of type I collagen arranged in highly aligned cross-linked fibrils (James et al., 2008; Liu et al., 2008; Towler and Gelberman, 2006) . The cellular component of tendon is primarily composed of tendon fibroblasts, or tenocytes, distributed throughout a hierarchical organization of aligned type I collagen fibers (James et al., 2008; Liu et al., 2008) . Tendon and ligament injuries plague individuals from all walks of life, from elite athletes to the elderly, with more than 32 million occurrences every year in the US alone (Breidenbach et al., 2013; James et al., 2008; Liu et al., 2008; Xu and Murrell, 2008) . While small tendon injuries heal spontaneously via regeneration, larger defects undergo a repair-mediated process generating fibrocartilagenous scar tissue with inferior structural and biomechanical properties. The resulting misaligned ECM leads to losses in range of motion and strength along with high rates of injury recurrence (James et al., 2008; Liu et al., 2008; Xu and Murrell, 2008) . Inadequate healing after surgical repair remains a primary clinical challenge. Because the musculoskeletal system depends on a balance of contributions from multiple tissues to maintain joint patency, ineffective tendon repair has both short-term (i.e. slowed rehabilitation) and long-term (i.e. chronic, degenerative joint pathologies) consequences (Butler et al., 2008; Liu et al., 2008) . Due to an ageing US population with increasing rates of underlying chronic conditions (i.e. obesity, diabetes), injury volume and complexity are only expected to increase (Fox et al., 2011) .
A primary challenge to improving tendon regeneration is poor understanding of how tenocytes respond to the dynamic structural microenvironment within tendon. Tendon fibroblasts, or -4-tenocytes (TCs) are responsible for tendon homeostasis, remodeling, and repair. However, tenocytes exhibit rapid de-differentiation when cultured in 2D or within hydrogels (Clegg et al., 2007; Taylor et al., 2009) . While tensile loading and aligned topographical cues on twodimensional substrates can partially abrogate this effect (Caporali et al., 2009; Maeda et al., 2009; Paxton et al., 2011) , 3D platforms for stable expansion of tenocytes represent an important advance for the field. A primary effort in the development of tissue engineering and regenerative medicine approaches for a range of tissues is therefore the design of an appropriate biomaterial platform. Often these approaches are inspired by the native extracellular matrix (ECM) in order to provide an environment to speed healing or regeneration (Spilker et al., 2001; Yannas, 2001; Yannas et al., 1989) .
Collagen-glycosaminoglycan (CG) scaffolds have been used in a wide variety of in vivo applications for skin, peripheral nerve, and cartilage tissue engineering as well as 3D environments for in vitro studies of cell-matrix interactions (cell, migration and contraction) behavior (Farrell et al., 2006; Harley et al., 2007a; Harley et al., 2008; Harley et al., 2004; O'Brien et al., 2005; Schulz Torres et al., 2000; Yannas et al., 1989) . The vast majority of past efforts using CG scaffolds have focused primarily on the regeneration of soft tissues. However, those scaffold variants were unsuitable for tendon repair applications due to their inability to withstand TC-mediated contraction Schulz Torres et al., 2000) leading to rapid tenocyte de-differentiation. We have recently developed a fabrication method to produce anisotropic CG scaffolds composed of an aligned ellipsoidal pore structure . This anisotropic scaffold geometry promotes preferential tenocyte alignment along the long axis of the ellipsoidal pores. Interestingly, increasing the scaffold relative density while -5-maintaining the aligned pore geometry was shown to reduce TC-mediated scaffold contraction, maintain an aligned morphology, and reduce TC de-differentiation Caliari et al., 2012) . The potential to tailor scaffold anisotropy and its resistance to adverse (contraction-based) remodeling events offers an exciting platform to control long-term maintenance of tenocyte bioactivity. Here, we look at two different means to alter the local scaffold environment experienced by individual tenocytes: pore size and crosslinking density. For a low-density open-cell foam such as the CG scaffold, changing scaffold pore size does not affect macro-scale mechanical properties such as scaffold elastic modulus (Gibson et al., 2010; Harley et al., 2007c) ; however, changing the pore size for a series of scaffolds with constant relative density does alter the length and thickness (hence flexural rigidity) of individual struts which define the pore structure of the scaffold (Harley et al., 2007a) . Alternatively, increasingly scaffold crosslinking density via either dehydrothermal (DHT) (Gibson et al., 2010; Harley et al., 2007c; Olde Damink et al., 1996; Schulz Torres et al., 2000) or chemical (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride, EDC; N-hydroxysulfosuccinimide, NHS) (Olde Damink et al., 1996) means can increase scaffold and individual strut stiffness independent of pore size. Both modifications alter the local strut properties but via different means, opening the door to questions exploring how strut stiffness versus pore size affects TCmediated contraction and resultant maintenance of TC-phenotype.
The work presented here seeks to describe the relationship between scaffold pore size and crosslinking with scaffold mechanical properties and its ability to resist TC-mediated contraction. We hypothesized that scaffold's ability to resist TC-mediated contraction would increase with increasing crosslinking density and decreasing pore size. Moreover, more -6-mechanically robust scaffolds with smaller pore sizes and higher crosslinking densities were hypothesized to be more supportive of the maintenance of a tendon-like phenotype through the resistance to TC-mediated contraction and preservation of a permeable open-cell pore structure that allows for efficient nutrient transport and cell spreading. While our group and others have investigated the impact of initial scaffold pore size and crosslinking on cell attachment and tenocyte contraction Caliari et al., 2012; Schulz Torres et al., 2000) , this previous work only considered cell-mediated contraction (but not genomic stability) as an endpoint (Schulz Torres et al., 2000) or did not fully examine the combinatorial effect of EDC crosslinking density and scaffold pore size on TC-mediated contraction and subsequent bioactivity Caliari et al., 2012) . As a result, in this manuscript we explored the combined effect of scaffold crosslinking density and pore size on tenocyte-mediated contraction and genomic stability, using strut flexural rigidity as a means to consider the results.
Materials & Methods

Preparation of CG suspension
Type I microfibrillar collagen from bovine tendon (Sigma-Aldrich, St. Louis, MO) and chondroitin-4,6-sulfate from shark cartilage (Sigma-Aldrich, St. Louis, MO) were homogenized in 0.05M acetic acid. The concentration of the collagen suspension made was 1.0%, and the ratio of the collagen to glycosaminoglycan was kept at 11.25:1 O'Brien et al., 2004; Yannas et al., 1989) .
Aligned CG scaffold fabrication
-7-The scaffolds were fabricated through directional solidification as previously described . Degassed CG suspension was pipetted into a polytetrafluoroethylene (PTFE)-copper mold (8mm diameter, 15mm deep), and placed on a pre-cooled freeze-dryer shelf (VirTis, Gardner, NY). The mismatch in thermal conductivity between the PTFE body and copper base of the mold promotes unidirectional heat transfer through the more conductive copper, resulting in anisotropic ice crystal formation when cooled . In order to control pore size, the CG suspension was frozen at three different temperatures (Tf): -10°C, -40°C, and -60°C.
These freezing temperatures have been previously shown to produce scaffolds with aligned pore geometries of 243, 152, and 55 µm diameters respectively . The CG suspensions were frozen for 2h, and then sublimated at 0°C and 200mTorr to remove the ice crystals, resulting in a dry porous scaffold.
Aligned CG scaffold crosslinking
Following lyophilization, the scaffolds were DHT crosslinked in a vacuum oven (Welch, Niles, IL) (105°C, <25 torr) for 24 h and then stored in a desiccator until use. Before use, scaffolds were immersed in 200-proof ethanol for 6 hours, followed by washing with phosphate-buffered saline (PBS) overnight. Solutions of 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (Sigma-Aldrich, St. Louis, MO) and N-hydroxysulfosuccinimide (Sigma-Aldrich) were used to further crosslink each of the three scaffolds groups at three different molar ratios: 1:1:5 (low), 5:2:5 (medium), and 5:2:1 (high) EDC:NHS:COOH that correspond with increasing collagen strut and overall scaffold stiffness (Harley et al., 2007c; Olde Damink et al., 1996) .
While characterization of the pore size and relative changes in modulus (E5:2:1 ~ 3.6-fold greater than E1:1:5) (Harley et al., 2007b) and swelling ratio (EDC1:1:5 ~ -8-1.6-fold greater swelling than EDC5:2:5) (Vickers et al., 2010) with crosslinking have been previously published, a summary of properties for the library of scaffolds tested here is provided in Table 1 .
Equine tenocyte isolation and culture
Equine tenocytes were isolated as previously described ) from horses aged 2-3 years euthanized for reasons not related to tendinopathy and in a manner consistent with protocols approved by the University of Illinois IACUC. Digital flexor tendons were extracted, diced, and incubated in trypsin-ethylenediaminetetraacetic acid (Invitrogen, Carlsbad, CA) then 0.15% collagenase II (Worthington, Lakewood, NJ) overnight at 37 o C under constant shaking. Digest solution was filtered (40 μm pore size) to isolate tenocytes (Kapoor et al., 2010) .
All cell concentrations were determined using a Bright-Line hemocytometer (Sigma Aldrich).
Tenocytes were plated at a density of 1x10 4 cells/cm 2 , and cultured in high glucose Dulbecco's modified Eagle's medium (DMEM, Fisher, Pittsburgh, PA) with 1% L-glutamine (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA), 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA), 1% amphotericin-B (MP Biomedical, Solon, OH), and 25µg/mL ascorbic acid (Wako, Richmond, VA) . The tenocytes were cultured at 37°C and 5% CO2, and were fed every 3 days. Cells were used at passage 3.
Scaffold seeding
Each cylindrical CG scaffold (8mm diameter, 15mm length) was cut into ~5mm long plugs (8mm dia.), and placed in ultra-low attachment 6-well plates (Corning Life Sciences, Lowell, -9-MA). Confluent tenocytes were trypsinized and resuspended at a concentration of 5x10 5 cells/20μL media. Scaffolds were seeded with tenocytes using a previously validated static seeding method O'Brien et al., 2005 ) with 10μL of cell suspension (2.5x10 5 cells) pipetted directly onto each scaffold. The scaffolds were then incubated at 37°C
for 15 minutes, turned over, and seeded with an additional 10 μL of cell suspension for a total of 5x10 5 cells seeded per scaffold. The cell-seeded scaffolds were then incubated at 37°C with 5%
CO2 and fed complete DMEM every 3 days .
Quantification of cell metabolic activity
The mitochondrial metabolic activity of the tenocytes within each scaffold was determined through the use of non-destructive AlamarBlue® assay as previously described . Healthy, viable cells continuously convert the active ingredient in AlamarBlue® determined from a standard curve generated from known cell numbers prior to seeding the scaffolds and reported as a percentage of the total number of seeded cells.
Measurement of cell-mediated scaffold contraction
At days 1, 4, 7, and 14, the diameter of each scaffold disk was measured using a standard drafting template. The measurements were then normalized against the diameter of each scaffold -10-at day 0 to determine cell-mediated contraction of each scaffold disk (Caliari et al., 2012; Spilker et al., 2001 ).
Quantification of cell number
The total number of cells on each scaffold was assayed via DNA quantification Kim et al., 1988) . Scaffolds were rinsed in PBS and placed in a papain solution (Sigma-Aldrich, St. Louis, MO) (60°C, 24 hours) to digest the scaffolds and lyse the cells.
Hoechst 33258 dye (Invitrogen, Carlsbad, CA) was used to fluorescently label double-stranded DNA (Kim et al., 1988) . Fluorescence was read (excitation: 360nm; emission: 465nm) via a fluorescent spectrophotometer (Tecan, Switzerland). The number of cells within the scaffolds after culture was normalized against the scaffold with the largest crosslinking density (5:2:1) and largest pore size (-10°C Tf) in order to serve as a comparison to previous work .
RNA isolation and real-time PCR
RNA from the tenocytes in the scaffolds was extracted at days 1, 4, 7 ,and 14, using an RNeasy Plant Mini kit (Qiagen, Valencia, CA) and then was reverse transcribed to cDNA in a Bio-Rad S1000 thermal cycler using the QuantiTect Reverse Transcription kit (Qiagen, Valencia, CA). as previously described . Real-time PCR reactions were carried out in triplicate, using 10ng of cDNA and QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA) in a 7900HT Fast Real-Time PCR system (Carlsbad, CA). The primers used were consistent with previous studies (Table 2 ; collagen type I alpha 2; collagen type III alpha 1; cartilage oligomeric matrix protein; decorin; scleraxis; tenascin-c, C; matrix metalloproteinases 1, 3, and 13; glyceraldehyde 3-phosphate dehydrogenase, housekeeping) Caliari et al., 2012) , and were synthesized by Integrated DNA Technologies (Coralville, IA). Results were generated using the ΔΔCt method and all results were expressed as fold changes normalized to the expression levels of cells on the -10°C/5:2:1 scaffold group at day 1 for comparison to previous studies Caliari et al., 2012) . The expression levels of the MMP genes are shown relative to the normalized scaffold contraction for each group at each time point in order to better elucidate the interplay of cell-mediated contraction forces and cell-mediated remodeling (Clegg et al., 2007; Gotoh et al., 1997; Jones et al., 2006; Lo et al., 2004 )
Statistical Analysis
One-way analysis of variance (ANOVA) was performed on all data sets within each group to examine differences with time, while two-way ANOVAs (independent factors: crosslinking density, Tf) were applied to data sets for each time point. For scaffold contraction, significant changes from the day 0 time point were determined by Dunnett's post-hoc test. Statistical significance for all other measurements was determined by Tukey-HSD post-hoc tests.
Significance was set at p < 0.05. Cell metabolic activity (n=6), scaffold diameter (n=6), and gene expression (n=3) were analyzed at each time point. For MMP gene expression relative to normalized scaffold diameter, linear or exponential regression models were used to fit the data and corresponding R 2 values (n = 27) were reported. Error was reported in figures as the standard error of the mean unless otherwise noted.
Results
-12-
Tenocyte viability in CG scaffolds
Tenocytes remained viable in all scaffold variants across the fourteen day experiment. While the metabolic activity of the tenocyte-seeded scaffolds was consistent for all scaffold groups at day 1 after seeding, by day 14 significant expansion in overall metabolic activity and cell number was observed. Here, cell number and construct metabolic activity increased significantly (p < 0.01) with crosslinking density, with the largest increases in cell number and metabolic activity seen for the most strongly crosslinked (EDC:NHS:COOH 5:2:1) variants (Figure 1A, 1B) . A significant effect of both crosslinking density (p < 0.001) and scaffold pore size (Tf, p < 0.001) was observed on tenocyte mediated scaffold contraction ( Figure 1C) . Scaffolds crosslinked at the lightest (1:1:5) density started showing signs of contraction as early as day 1, then showed significantly (p < 0.01) greater contraction (smaller normalized diameter) than scaffolds crosslinked at higher densities on all following days. Scaffolds crosslinked at a middle (5:2:5) density began to show signs on contraction by day 4, and on all following days were significantly more contracted than the scaffolds crosslinked at the highest (5:2:1) density, which exhibited little-to-no contraction throughout the 14-day experiment. For crosslinking densities that yielded significant contraction (1:1:5, 5:2:5), there was also a significant (p < 0.01) effect of scaffold pore size on contraction. Scaffolds with larger pore sizes (higher Tf) showed greater contraction when compared to scaffolds with the same crosslinking density but smaller pore sizes.
Tenocyte gene expression within CG scaffolds
We subsequently examined the gene expression profiles of the cells remaining in each construct after 14 days in culture. Three distinct sub-sets of genes were examined: structural proteins -13- 
Structural protein gene expression
Gene expression levels of COL1A1, COL3A3, COMP, and DNC showed some global changes in expression for earlier time points (days 1, 4, and 7; Supplementary Figures 1, 2) . By day 4, the scaffolds least resistant to contraction (1:1:5 crosslinking density) showed significant increases in COL3A1, COMP, and DCN, while scaffolds moderately able to resist contraction (5:2:5 crosslinking density) showed significantly higher expression of all four structural protein markers and scaffolds most resistant to contraction (5:2:1 crosslinking density) only showed increased expression of DCN. More interestingly, we examined changes in structural genes at day 14, at which point significant cell-mediated contraction had occurred (Figure 2) . Notably, scaffolds most resistant to contraction (5:2:1 crosslinking density; -40°C and -60°C Tf) showed significantly higher expression of COL1A2 compared to scaffolds with lower crosslinking densities and the same Tf (Figure 2) . Further, while not always significant an overall change in expression profiles for all genes were observed, with crosslinking groups less resistant to contraction (1:1:5, 5:2:5) showing decreases in expression with decreasing pore size while the crosslinking groups most resistant to contraction (5:2:1) showing increasing in expression with decreasing pore size. Finally, while there were no significant differences in expression of DCN, the scaffold with the smallest pores most resistant to contraction (-60°C Tf; 5:2:1 crosslinking)
showed significantly higher expression of COMP than all other scaffold groups at day 14 (Figure 2 ).
-14-
Tendon phenotype gene expression
Expression of the transcription factor SCX increased initially in all scaffold variants (through day 4). However, significant cell-mediated contraction began to affect the expression profile for subsequent days for the scaffold groups least resistant to contraction (1:1:5 and 5:2:5 crosslinking density) while the scaffold group resistant to contraction (5:2:1 crosslinking density) maintained the elevated SCX expression through days 14 (Supplementary Figure 3) .
Comparing between scaffold pore size and crosslinking at day 14, we observed the scaffold variant most resistant to contraction (5:2:1 crosslinking density, -60°C Tf) showed significantly
higher SCX expression than all other groups. Further scaffolds with reduced resistance to contraction (1:1:5 crosslinking density, -40° Tf) showed significantly lower expression of SCX than all other groups (Figure 3) . TNC expression followed a similar trend to SCX, with all groups showing increased expression though day 7 (Supplementary Figure 3) . While not significant by day 14, an increasing trend in TNC expression was observed for scaffolds most resistant to contraction (5:2:1 crosslinking density; -40 and -60°C Tf).
MMP gene Expression
All three MMP genes examined (MMP1, MMP3, and MMP13) showed similar trends regarding expression between groups and over time (Supplementary Figure 4) . In general, MMP expression levels increased with time point and were significantly higher in the scaffolds least resistant to contraction (warmer Tf, lower crosslinking densities). More interestingly, we subsequently examined MMP expression profiles against the normalized (versus starting diameter) diameter of each scaffold, collapsing the effect of time, pore size, and crosslinking -15-density onto a single plot (Figure 4) . With the exception of day 1 at which point minimal contraction had taken place (R 2 = 0.25), we observed very strong correlation between increasing MMP expression profiles and increased scaffold contraction, with R 2 ≥ 0.84 for day 14 results.
Interestingly, MMP1 and MMP3 showed effectively linear increases in expression with scaffold crosslinking and time, while MMP13 showed an exponential increase in expression with time.
Scaffolds least resistant to contraction (1:1:5 density, -10°C Tf) showed more than 600 fold increase in MMP13 over the course of 14 days ( Figure 4C ).
Discussion
Biomaterial scaffold mechanical properties at both the macro and micro-scales have been widely reported to influence cellular behaviors such as adhesion, migration, proliferation, and differentiation (Engler et al., 2004; Freyman et al., 2001; Grinnell et al., 2003; Pelham and Wang, 1997; Peyton and Putnam, 2005; Yeung et al., 2005; Zaman et al., 2006) . The motivation for this work is the significant de-differentiation often observed with tenocytes when culture in vitro as well as the observation that structural alignment in two-dimensions and application of tensile strain may reduce this de-differentiation (Taylor et al., 2009) . Future tendon tissue engineering efforts require the expansion of primary tenocytes in order to address large injuries, necessitating approaches that use three-dimensional biomaterial constructs for cell culture and eventual in vivo implantation. If a microstructurally-aligned material is unable to maintain a high degree of anisotropy due to contractile forces, the microstructural cues that guide cell-fate decisions will be significantly altered as the cells remodel the local microenvironment.
-16-Here we describe the production and analysis of a series of anisotropic CG scaffolds fabricated at different Tf and a range of crosslinking densities for the in vitro culture of primary equine tenocytes. Our group recently described an approach where the relative density of a series of CG scaffolds was varied in order to prevent TC-mediated contraction, resulting in reduced scaffold contraction, maintenance of the aligned structural cues provided by the scaffold and resultant increased maintenance of TC-associated gene expression profiles for cells within the scaffold (Caliari et al., 2012) . However, changes in the relative density of the scaffold result in changes in scaffold pore size as well as in the mechanical properties of the scaffold at the scale of the overall construct and at the level of an individual cell within the scaffold. This observation therefore motivated our effort here to generate a wider library of CG scaffolds to more specifically examine the effect of scaffold architecture on resultant TC-mediated contraction and phenotypic stability.
Low-density open-cell foams such as the CG scaffold demonstrate a unique set of structuremechanic relationships (Gibson et al., 2010) . For these materials it is essential to consider the mechanical property at the scale of the overall construct (bulk properties) as well as at the level of the individual fibers (termed struts) that make up the scaffold architecture and to which individual cells attach. The bulk mechanical properties of the scaffold depend critically on the crosslinking density and relative density (1 -porosity), not pore size, of the scaffold. For example, the elastic modulus of the bulk scaffold (E * ) depends on the crosslinking density of the collagen (defining Es, the modulus of the individual strut) along with the relative density (ρ*/ρs) of the scaffold: E * ~ Es·(ρ*/ρs) 2 (Harley et al., 2007c) . However, modulus is insensitive to scaffold pore size (Gibson and Ashby, 1997; Harley et al., 2007c ). However, cell-mediated -17-contraction is mediated not by the bulk elastic properties, but rather the mechanical properties of the individual struts to which they attach. Previous studies have shown that contractile cells possess the ability to generate sufficient contractile forces to buckle individual struts and deform the local pore structure around them (Freyman et al., 2001 ). These local contractions, when compounded throughout the entire scaffold result in a macroscopic deformation of the overall scaffold. Further, the magnitude of contractile forces generated by individual cells can be estimated via the flexural rigidity of the strut, which depends on crosslinking density (Es) and also the length and thickness of the strut (Harley et al., 2007a) . Here, increasing the pore size for a series of scaffolds with a set relative density increases the length of individual struts (Harley et al., 2007c) . Therefore, selective modification to both scaffold crosslinking and pore size provides a wider platform to consider the influence of local strut mechanical properties, resistance to TCmediated contraction, and subsequent maintenance of tenogenic gene expression profiles within the scaffold.
For this project we employed a previously defined set of scaffold fabrication techniques, altering the freezing temperature during lyophilization to generate a series of anisotropic scaffolds within decreasing pore size (-10°C, -40°C, -60°C; 243, 152, and 55 µm pore size) . We subsequently employed a series of three discrete carbodiimide crosslinking densities
(1:1:5, 5:2:5, 5:2:1) that span a 3.6-fold increase in stiffness (Harley et al., 2007c) . TC-mediated contraction, metabolic activity and cell number, and resultant changes in gene expression profiles for a diverse set of tendon-associated structural proteins, tenocyte markers, and matrixremodeling genes were then traced across the full set of 9 experimental scaffold groups. Here,
-18-we observed scaffold pore size and crosslinking density were able to elicit differential responses during long-term cell culture.
In general, an increase in the number and metabolic activity of primary equine tenocytes was observed with culture time. However, we noted a significant effect of both crosslinking density and scaffold pore size on cell-mediated contraction of the scaffolds ( Figure 1A ). Not surprisingly, increasing scaffold crosslinking density resulted in reduced cell-mediated contraction; however, we also noted a significant effect of pore size on contraction, with scaffolds containing smaller pores more able to resist cellular contractile forces over time ( Figure 1C) . The loss of structural stability via contraction has a significant negative effect on cell metabolic activity due with time, likely due to reduced biotransport as a result of the more contracted scaffold structure. Applied compressive loading has previously been shown to alter bulk scaffold permeability (O'Brien et al., 2007; Weisgerber et al., 2013) , suggesting the need for improved technologies to locally monitor scaffold permeability as a result of localized cellcontraction. So while we observed a significant reduction in metabolic activity and cell number after 14 days of culture in scaffolds that exhibited significant contraction ( Figure 1A, 1B) , it was important to establish the effect of this contraction on the phenotype of the resultant cells.
We subsequently examined the effects of cell-mediated contraction on the maintenance of a healthy tendon-like phenotype via transcript levels of ECM proteins associated with native tendon (COL1A2, COL3A1, COMP, DCN) (Lui et al., 2011) as well as transcription factors and matricellular markers of tenocytes (SCX, TNC) (Blitz et al., 2009; Doroski et al., 2010; Schweitzer et al., 2010) (Figures 2-3) . Lastly, we also examined a series of matrix -19-metalloproteinases (MMP1, MMP3, MMP13) important for cell migration, wound healing, and matrix remodeling, but also whose reduced expression levels are indicative of healthy tendon (Clegg et al., 2007; Gotoh et al., 1997; Jones et al., 2006) . Transcript levels at each time point were normalized against expression levels of tenocytes in scaffolds with a -10°C Tf and 5:2:1 crosslinking density to compare to previous studies investigating the influence of the CG scaffold microenvironment on the transcriptomic stability of tenocytes Caliari et al., 2012) . Importantly, by day 14, COL1A2, COL3A1, While our earlier results suggested reduced TC-associated markers with increasing scaffold contraction as a result in changes in overall scaffold relative density (Caliari et al., 2012) , changes in relative density masked our ability to determine whether the stiffness of the scaffold strut versus the flexural rigidity of the strut was the primary design consideration that could be used in subsequent biomaterial variants. Here, by selectively modifying scaffold pore size and -20-crosslinking density, we are able to independently tune strut length versus strut stiffness.
Interestingly, we found that the overall ability to resist contraction was the best predictor of maintenance of tenocyte-associated gene expression profiles. However, examining the effect of pore size versus crosslinking in more detail, we note that crosslinking density provides a primary means to resist TC-mediated contraction. For lower crosslinking densities (1:1:5, 5:2:5) where significant contraction was observed, the poorest response was seen in the smallest pore size variants, likely due to the significant contraction not only destroying the aligned structure signals provided by the pore, but also significantly reducing biotransport. However, in the highest crosslinking density (5:2:1) where limited contraction was observed, the scaffold with the smallest pore size more resistant to contraction demonstrated the highest level of TC-associated genes. Together, these results suggest that while scaffold ability to resist TC-mediated contraction forces play a significant role in regulating tenocyte gene expression, increasingly scaffold crosslinking, not necessarily changes in pore size, provide the primary means to optimize culture conditions for expansion and maintenance of primary tenocytes. While future investigations will be required to further optimize the three-dimensional scaffold most appropriate for long-term tenocyte culture, findings here provide critical insight as to the use of crosslinking versus structural changes in the scaffold to accomplish this goal.
Conclusions
This work describes the evaluation of the ability for a series of anisotropic CG scaffolds to promote the expansion of primary tenocytes in vitro. In general, equine tenocytes showed increased proliferation and metabolic activity as well as less cell-mediated contraction in scaffolds with higher crosslinking densities and smaller pore sizes. Gene expression analysis -21-showed scaffolds most resistant of cell-mediated contraction were able to maintain a tendon-likephenotype over the course of the experiment. Importantly, the high expression levels of MMPs 1, 3, and 13 in scaffolds that showed more contraction indicate a high degree of scaffold remodeling and loss of tendon-like phenotype. This suggests that the structural stability of biomaterials for tissue engineering applications is of particular importance when considering clinical translation. Tables   Table 1. Effect of fabrication and crosslinking on scaffold structural and mechanical properties. This table summarizes previously reported data on pore size and the effect of crosslinking on elastic modulus (Harley et al., 2007b) and swelling ratio (Vickers et al., 2010 , and (C) MMP13 expression levels at days 1, 4, 7, and 14 relative to normalized scaffold diameter for all 9 scaffold groups. Data expressed as mean ± SEM (n=3). The degree of correlation (R 2 ) was between gene expression and scaffold contraction was determined as a function of experimental time point (day 1, 4, 7, and 14). <<FORMAT: 1 column figure>>
